As Part III, following the authors' previous studies, the aerodynamic performance of two different tandem LSDs (low solidity diffusers), Tandem (A) and (B), in a high-pressure centrifugal compressor was numerically investigated over flow rates from impeller choke to minimal flows available in computation. Tandem Influence of Vane Stagger," ASME Paper No. GT2008-50178) selected as the highest efficiency vane at design flow, and the second row was designed to be added considering flow conditions at the exit of the first row vane. Tandem (B) followed a creative patentpending concept where the number of the first row vanes was doubled with much smaller vane chord keeping a low solidity. A position parameter of RCP (relative circumferential position) was introduced to see the effect of the relative location of the second row vane. Using an in-house Navier-Stokes solver with finite volume time marching methods, overall performance was predicted to be compared with each other. Detailed investigation on the behavior of the static pressure recovery and the total pressure loss coefficient in both diffuser designs helps determine why Tandem (A) design is better and the case of RCP ¼ 0.3 gives the best performance.
Introduction
As the LSD in centrifugal or mixed-flow compressors has become popular, especially in industrial applications, the aerodynamic designer has to determine important design parameters, such as the solidity, the vane profile, the vane stagger, and the radial position of the vane. Many experimental and computational research studies have been conducted on this area, but not many parametric studies have been tried in a systematic way which are really needed for designers. The high cost of experimental studies would be one reason for the lack of such a parametric research, but the CFD (computational fluid dynamics) approach provides reasonably accurate predictions in a cost-effective way as long as it is limited to finding out the trend of overall compressor aerodynamic performance. The authors have studied numerically the influence of those design parameters for a single row LSD with an identical centrifugal impeller through studies in series [1, 2] . The present study, as Part III, is about the design parameters for a tandem LSD.
The tandem vane is another option in the LSD design to increase the static pressure recovery more than a single row case by adding the second row of vanes. Pampreen [3] made a comparison between three-row vanes and a single channel-wedge diffuser, and argued that the tandem vane was superior in test performance. A wider operating range and higher efficiency was found for the tandem LSD than for the channel diffuser. Senoo [4] tested a tandem LSD with a blower impeller and found only a small gain in performance over a single row LSD, as summarized by Osborne and Sorokes [5] . Because the inlet flow condition of the second row vane is not the same as that of a single row case, a different set of vane profiles and vane staggers should be selected to diffuse with minimum losses. A critical design parameter for the performance of the tandem vane is the relative circumferential position (RCP) of the second row vanes (See Fig. 1 ) because test results have shown that there is a definite preference for positioning the second row relative to the first. Very limited systematic design information is available for tandem LSDs in published references. Japikse [6] quotes unpublished test data by Pampreen that lower loss was achieved when the suction surface of the second row leading-edge was close to the pressure surface trailing-edge of the first row (when RCP is close to 1.0). Seleznev and Galerkin [7] obtained the best aerodynamic loading with the second row placed 10% from either side of the trailing-edge of the first row, that is RCP ¼ 0.1 or 0.9, from analytical results. Maximum efficiency was found when RCP ¼ 0.1, and the next best efficiency at RCP ¼ 0.9, which differs from the above statement. Bandukwalla [8] proposed an interesting design concept of the tandem LSD where a high number of vanes, between 19 and 22, was assigned to the first row, with a split tandem vane for the second row. The first row had to have a much smaller chord to keep the solidity less than 1.0, and the vane number of the second row was decreased to half the number of the first row. The concept intended to provide the combined advantages of the low solidity and high solidity diffuser because it was believed that, for good efficiency, the diffuser vane number should be 10% to 50% more than the impeller blade number.
Among many design parameters to select in the tandem LSD, the authors need to know what range of RCP gives high performance. Furthermore, to find out the feasibility of Bandukwalla's concept [8] , another design version (Tandem (B)) was added to the conventional original design (Tandem (A)), as shown in Fig. 2 . As RCP was varied from 0.0 to 0.9 for six cases, overall compressor performance was numerically investigated for both design versions of Tandem (A) and (B) at design speed of rotation from impeller choke to minimal flows available in computation.
Centrifugal Compressor
The centrifugal compressor in this study is, as shown in Figs. 2 and 3, from a marine use turbocharger for medium-class ship engines whose design pressure ratio (total-to-static) is 4.0 and design isentropic efficiency (total-to-static) is 80%. The design air mass flow rate is 3.0 kg/s at design speed of 34,000 rpm. The Transactions of the ASME unshrouded open impeller has 18 full blades, and is 45-deg backswept. Tandem (A) is of a conventional original design where the first row comes directly from the authors' previous studies (Part I and Part II), selected as the highest efficiency vane at design flow, and the second row is designed to be added considering flow conditions at the exit of the first row vane. Tandem (B), as mentioned before, follows the creative concept of Bandukwalla [8] where the number of the first row vanes is doubled with much smaller vane chord keeping a low solidity. Detailed information of both tandem vanes is shown Table 1 . The second row of Tandem (A) has relatively lower solidity because the fixed location of the volute inlet limits radial space required for the second row in the present case. In other words, if the volute inlet location is flexible, more improved performance may be possible. Because the stagger in Table 1 is an angle obtained using a straight line in the radial plane, the first rows of Tandem (A) and (B) have different staggers despite the same design angle of attack. The selected LSD vane profiles are NACA65-(4A10)06 for the first row, and NACA65-(12A10)10 for the second row, as one of the most popular airfoil combinations, which are transformed onto a radial plane. Original thickness distributions of both vanes were however intentionally increased to provide a way of cost-effective fabrication. A vaneless space downstream of the impeller is gently contracted to give a pinch for improving flow stability. A much stronger contraction is intentionally provided at CFD exit boundary, only for calculation purposes, which is usually required to approach lower flows by partly eliminating reverse flows.
Numerical Method
Compressible flow in a whole domain from CFD inlet boundary to CFD exit boundary, shown in Fig. 3 , was analyzed using an in-house code, CNSTURBO [9, 10] , that employs the finite volume method with 4-step Runge-Kutta time integration scheme and the 2nd/4th-order artificial dissipation damping. It has been extended to cover a cut-off trailing-edge of blades and a realistic rectangular tip clearance region using multi-block grid capability, and to add the k-omega equation model, used in the present study as a turbulence closure. Due to its original features of time marching methods, upstream boundary total pressure and temperature are given with flow directions, and static pressure is imposed as the exit boundary condition to obtain a converged mass flow rate as part of solution. In grid generation, normally about 206,000 nodes and about 390,000 nodes were used to build the impeller and tandem LSD domains, respectively, using the H-type structured grids, as shown in Fig. 4 . A grid sensitivity study had been made in Part I [1] where doubling the sizes of the computational grids had produced a difference in performance within 1.6% range, and of course much more computation time and memory requirement. The current grid sizes are therefore recognized to be reasonable and efficient because the authors are only interested in a steady state solution for overall compressor performance to build a supporting design guide. Both impeller and diffuser domains were combined to produce a single domain with the socalled stage interaction (or mixing plane) scheme applied where all computed flow properties were circumferentially averaged, while the spanwise variation was still preserved, for a steady state solution in a simple way at the rotational/stationary interface located at halfway distance. A 5% of span was consistently treated as running tip clearance from impeller inlet to exit. By varying static pressures at the exit boundary, computational flow points were shifted from choke toward stall. In the present study, the lowest mass flow point for each configuration does not mean a true stall/surge location, because any reverse flows occurring for lower flow rates in the numerical computation become an obstacle to solution convergence. It has to be understood that each lowest flow in the present study is a minimum flow with an acceptable tolerance of solution convergence. Steady numerical solution at any flow less than each lowest flow was not converged successfully. The convergence criteria used in this study is that the solution was regarded as converged when the normalized residual, a measure of local imbalance of each conservative control volume, fell below 1.0 Â 10 À5 . In data reduction, all performance parameters were evaluated using mass-averaged pressure, temperature and velocities at any plane sections.
Results and Discussion
Figures 5 and 6 show the total-to-static pressure ratio and isentropic efficiency distributions, respectively, when RCP varies from 0.0 to 0.9 for both Tandem (A) and (B) cases. The pressure ratio was calculated from the impeller upstream up to the location of the volute inlet. Irrespective of RCP, Tandem (A) provides more elevated pressure rise and efficiency than Tandem (B). In Tandem (A), the case of RCP ¼ 0.3 shows the highest pressure rise with a wide operating range. As RCP moves from 0.3 to 0.9 crossing over 0.0 (that is, as the second row vane moves to the counter-clock wise direction from RCP ¼ 0.3 in Fig. 1 ), the performance drops accordingly. However, the case of RCP ¼ 0.7 has the lowest pressure rise despite the widest range of operation, and interestingly it is inferior to the case of RCP ¼ 0.5. In Tandem (B), the operation range is severely restricted in the case of RCP ¼ 0.1. The cases of RCP ¼ 0.7 or 0.9 provide the best overall performance unlike those in Tandem (A). Figure 7 was produced at design flow in both Tandem (A) and (B) to make a comparison among the pressure ratio, the isentropic efficiency and the numerical operation range. The numerical operating range is defined as the ratio of mass flow rate change between maximum and minimum flow rates to maximum flow rate. In Tandem (A), considering all three performance parameters, the case of RCP ¼ 0.3 shows the best performance, and the next best performance is found at the case of RCP ¼ 0.9. The cases of RCP ¼ 0.1 and 0.0 show as good pressure rise and efficiency at design flow as that of RCP ¼ 0.9, but has poor operating ranges. The largest range of operation is found at the case of RCP ¼ 0.7, but the case shows the worst performance at design flow. In Tandem (B), all the cases provide lower design performance than Tandem (A) as mentioned earlier. It is interesting to note that the case of RCP ¼ 0.0 shows a good operating range despite its lower pressure rise and efficiency. To see more details at each row of both tandem LSDs, Figs. 8 and 9 show the distributions of static pressure recovery factor (CP) in the first and the second row, respectively. Figures 10 and  11 are the distributions of total pressure loss coefficient (LC) in the first and the second row, respectively. The total pressure loss coefficient is defined as a ratio of total pressure drop to upstream dynamic pressure, and the static pressure recovery factor is defined as a ratio of static pressure rise to upstream dynamic pressure.
All cases in Tandem (B) show much lower static pressure recovery in the first row because of smaller vane chord (Fig. 8) , and they are high in total pressure loss coefficient in the second row (Fig. 11) , which drives Tandem (B) away from acceptable performance. In static pressure recovery in the second row (Fig. 9) and total pressure loss coefficient in the first row (Fig. 10) , no remarkable difference is found between Tandem (A) and (B). Transactions of the ASME In Tandem (A), the case of RCP ¼ 0.9 shows the highest static pressure recovery in the first row, while the case of RCP ¼ 0.1 has the highest in the second row. Some limited references have stated that either case would be considered optimal in aerodynamic performance, and recommended in design.
As shown in Figs. 8 and 9 , however, either case of RCP ¼ 0.1 or 0.9 fails to provide reasonably high pressure recovery in both first and second rows, on account of the absence of uniform loadings at each vane row. Moreover, the case of RCP ¼ 0.1 shows the highest total pressure loss in the first row, according to Fig. 10 . When RCP ¼ 0.7 or 0.9, in other words, when the second row leading-edge is approaching the pressure surface of the first row, the static pressure recovery is rising in the first row, but falling down in the second row. The case of RCP ¼ 0.3, which provides the best overall performance already found in Figs. 5 and 6, has the lowest total pressure loss in the first row, and has good levels of static pressure recovery around 0.6 in both rows. In Tandem (A), it is clear that the presence of the leading-edge of the second row vane generates a local jump in static pressure distributions due to the formation of stagnation flow. As RCP increases from 0.0 to 0.1, the static pressure jump expands to the rear portion on the suction surface of the first row vane, resulting in a sudden rise of static pressure on the suction surface of the first row vane and a sudden drop on the suction surface of the second. At RCP ¼ 0.3, however, the non-uniform blade loading is much weakened because the second row vane is located far away enough to damp the static pressure jump. However, from RCP ¼ 0.5 to 0.7, the second row vane destroys again the static pressure rise on the pressure surface of the first row vane, because of accelerating flow in the reduced passage. Especially when RCP ¼ 0.5, even though the second row vane is positioned exactly halfway to the first row channel, its presence accelerates the flow around the pressure surface of the first row vane resulting in poor static pressure recovery of the first row. When RCP ¼ 0.9, however, the flow acceleration is much weakened by a small gap between the two vanes resulting in the best static pressure recovery of the first row, but the static pressure recovery of the second row drops.
The authors were also interested in performance comparison of LSDs with channel-wedge diffusers which are well known as one of high efficiency diffusers. For the same impeller, two different channel-wedge diffusers were designed for the performance comparison, and the results were summarized in the Appendix. The highest efficiency was confirmed with the channelwedge diffuser, but the present Tandem (A) was found more attractive for both design issues of the efficiency and the operating range. 
Conclusions
As Part III, the aerodynamic performance of two different tandem LSDs in a high-pressure centrifugal compressor was numerically investigated. When the relative location of the second row vane was varied using a position parameter of RCP from 0.0 to 0.9 in Tandem (A) and (B), the followings are drawn as concluding remarks.
(a) Irrespective of RCP, Tandem (A) provides more elevated pressure rise and efficiency than Tandem (B), because Tandem (B) has much lower static pressure recovery in the first row due to smaller vane chord, and higher total pressure loss coefficient in the second row. 
Appendix: Comparison With Channel-Wedge Diffuser
Through a series of studies from Part I to Part III, a parametric investigation on some important design variables in the LSD for an identical high-pressure centrifugal impeller has been successfully completed using CFD work. Another interest that attracted the authors was about performance gap from channel-wedge diffusers which are well known for higher efficiency. At first, an optimal channel was designed for the given geometry which is named "Channel-wedge Optimal," as shown in Table 2 but vanes are choked at far less than design flow rate despite higher performance. In order to open throat area more, the second channel was designed with fewer vanes and changes of stagger which is named as "Channel-wedge," and has some choke margin at design flow rate. Both channel-wedge diffusers were calculated with the Fig. 12 Static pressure contours at midspan at design flow same impeller using the same CFD code from deep choke to the smallest flow that the calculation allows at design speed by specifying an exit boundary static pressure. See Fig. 13 .
The distributions of pressure ratio and isentropic efficiency of both channel-wedge diffusers are shown in Figs. 14 and 15, where those of other different types of diffusers are reproduced to be compared together. The other different types are directly from the authors' studies of Part I to III including a purely vaneless diffuser. The "LSD Single Row" design has a solidity of 0.71 with a stagger of 19.58 deg which showed the best acceptable performance in the parametric analysis from Part I and II. The "LSD Tandem" design is the Tandem (A) with RCP ¼ 0.3 in Part III which showed the best performance in the tandem LSD parametric analysis. Even though the vane throat is choked at far earlier than the design flow rate in Channel-wedge Optimal, the design showed the highest pressure ratio of 4.31 and the highest isentropic efficiency of 81% due to the optimal combination of design parameters. However, for the application of the current centrifugal compressor design duty, the optimal has to be abandoned to move to Channel-wedge design to secure a reasonable choke margin at design flow rate. At design flow rate, it showed the highest efficiency of 81%, which was the same as that of Channel-wedge Optimal, and the pressure ratio of 4.15. In terms of the operating range, Channel-wedge Optimal may look inferior to Channel-wedge, but again the smallest flow on the map does not mean a true stall/surge flow, which would be one of restrictions that any CFD study has.
An interesting result is that nearly the same level of the pressure rise distribution was found in LSD Tandem in spite of a slight drop of maximum efficiency to 80% which value is still highly acceptable. Furthermore, it was found to provide wider range of operation than Channel-wedge, as shown Fig. 16 (where the range of operation is defined as the ratio of mass flow rate change between maximum and minimum flow rates to maximum flow rate, depending on the solution convergence when exit static pressure is specified as a boundary condition.) The next lower performance was found in the LSD Single Row which comes between the vaneless diffuser and LSD Tandem or Channel-wedge. It is worthy to note that the maximum isentropic total-to-static efficiency of a single-row LSD in a high-pressure (around 4.0 of total-to-static stage pressure ratio) centrifugal compressor like the present machine is around 78% at most. Of course, when the volute is added, an additional recovery of static pressure in the volute will raise the total-to-static efficiency.
In conclusion, the tandem LSD diffuser is recognized as one of attractive options in the selection of vaned diffusers for both design issues of the efficiency and the operating range.
